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Introduction {#sec1}
============

The cortex is crucially involved in sensory perception, and its function is dictated by its architecture \[[@bib1]\]. Sensory cortices are organized in six horizontal layers containing functionally distinct neuronal subnetworks \[[@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12]\]. Elucidating the logic of interactions within and between cortical layers is essential for understanding the cellular basis of perception. Among sensory cortices, the whisker system is a preferred model for studying the mechanisms of sensory processing \[[@bib13], [@bib14]\]. Through their whiskers, rodents detect and localize objects \[[@bib15], [@bib16], [@bib17], [@bib18]\] and discriminate their textures \[[@bib19], [@bib20], [@bib21]\]. Contacts with objects trigger patterns of whisker deflections whose temporal structure is crucial for sensory perception \[[@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26]\] and that is in part encoded as precisely timed patterns of cortical spikes \[[@bib20], [@bib24], [@bib26], [@bib27], [@bib28], [@bib29]\]. However, the neural circuits controlling how neural responses encode the timing of sensory stimuli remain largely unresolved.

In this paper, we demonstrate that activity of layer V pyramidal cells sharpens the temporal neuronal responses to whisker stimuli, leading to more precise encoding of whisker deflection or touch time in the primary somatosensory cortex (S1). Inhibiting layer V activity increased the animal's behavioral reaction time in a whisker-based texture discrimination task. Moreover, our experiments suggest that layer V modulation of sensory responses occurs through intracortical axons recruiting a specific inhibitory circuit. Besides being a main cortical output, layer V neurons perform behaviorally relevant tuning of sensory responses within the cortex.

Results {#sec2}
=======

Activation of Layer V Triggers Membrane Potential-Dependent Responses in Neurons across Cortical Layers *In Vivo* {#sec2.1}
-----------------------------------------------------------------------------------------------------------------

To specifically manipulate layer V pyramidal neurons, we initially used *Rbp4-cre* transgenic mice in combination with the injection of an adeno-associated virus (AAV) carrying a double-floxed channelrhodopsin-2 (ChR2) construct ([Figure S1](#mmc1){ref-type="supplementary-material"}; [Table S1](#mmc1){ref-type="supplementary-material"}). We first recorded from ChR2-negative principal cells ([STAR Methods](#sec4){ref-type="sec"}) in S1 of urethane-anesthetized mice during spontaneous activity ([Figure S2](#mmc1){ref-type="supplementary-material"}; [Table S2](#mmc1){ref-type="supplementary-material"}). When the membrane potential was close to resting, we found that all neurons (n = 55) responded to layer V photoactivation with a pronounced depolarization ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2A~1~, top panel; "positive peak," [Figure S2](#mmc1){ref-type="supplementary-material"}B), followed by a small, long-lasting hyperpolarization ("negative peak," [Figure S2](#mmc1){ref-type="supplementary-material"}B~1~). In the activated state (a spontaneously occurring depolarized state \[[@bib30], [@bib31], [@bib32], [@bib33]\]), the majority of recorded cells (38/55) responded to blue light with a small depolarization followed by a large, long-lasting hyperpolarization ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2A~1,~ bottom panel; and [S2](#mmc1){ref-type="supplementary-material"}B--S2B~2~). The small depolarizing component led to firing in a minority of cells (8/55). In 17/55 neurons only the hyperpolarization was observed. These membrane potential dynamics occurred across layers, as verified by identifying cell location through post hoc biocytin staining ([Figures S2](#mmc1){ref-type="supplementary-material"}C--S2J~2~). Responses to layer V activation were similar in awake animals when we used an illumination system based on a digital micromirror device (DMD; [Figures S3](#mmc1){ref-type="supplementary-material"}A--S3G~2~), which provided complex spatial illumination patterns to ChR2-expressing neurons ([Figures S3](#mmc1){ref-type="supplementary-material"}H--S3K~2~).

Temporal Sharpening of Cortical Responses to Sensory Inputs by Layer V {#sec2.2}
----------------------------------------------------------------------

To investigate whether layer V activation modulates sensory inputs, we combined single-whisker stimulation with optogenetic manipulation of layer V. We first recorded in whole-cell configuration the membrane potential of ChR2-negative cells in the barrel column corresponding to the stimulated whisker in anesthetized mice during resting states ([Figures 1](#fig1){ref-type="fig"}A--1B~1~). A stepwise whisker deflection (duration, 10 ms) caused a depolarizing response, frequently driving the recorded cells into an activated state \[[@bib30]\]. When layer V was photostimulated (duration, 10 ms) during a whisker-evoked activated state, all neurons responded with a small, transient depolarization followed by a pronounced hyperpolarization ([Figures 1](#fig1){ref-type="fig"}B--1C~1~). Responses during combined whisker and optogenetic stimulation were similar across cortical layers II/III, V, and VI ([Figures S3](#mmc1){ref-type="supplementary-material"}L--S3Q~2~).Figure 1Layer V Sharpens the Temporal Response to Whisker Stimulation(A) Schematic of the experiment in anesthetized animals. In this as well as in other figures, ChR2-positive neurons are indicated in blue, ChR2-negative cells in grey.(B) Representative traces from a layer II/III ChR2-negative principal neuron *in vivo*.(B~1~) Average response in (B) at a finer temporal scale.(C and C~1~) Peak amplitude (C) and area (C~1~) in ChR2-negative layers II/III, V, and VI cells under the different experimental conditions. n = 39 cells from 17 animals; paired t test. In this as well as in other figures, values from individual experiments are shown in grey, the average of all cells in black. Error bars indicate SEM.(D--D~3~) Spiking response of a deep neuron under the different experimental conditions. Blue light was presented at different delays (\~0 ms in D~1~, \~30 ms in D~2~, \~50 ms in D~3~) from the onset of the whisker-evoked response.(E--E~3~) Peri-stimulus time histogram (black trace, bin 10 ms) of whisker-responsive deep cortical neurons during whisker stimulation (red bar, E) or during whisker stimulation followed by layer V activation (blue bar, E~1~--E~3~). Gray traces in (E~1~)--(E~3~) show the average peri-stimulus histogram shown in (E).(F) Cellular spike rate in a time window of 100 ms from the onset of the whisker stimulation under the different experimental conditions shown in (E)--(E~3~). n = 13 cells from 7 animals; Friedman test.(G) Schematic of the experimental configuration.(H and H~1~) Raster plots showing the response of a representative deep cortical neuron to whisker stimulation (red bar) alone (H) and during concurrent layer V photosuppression (yellow bar, H~1~).(I and I~1~) Peri-stimulus time histograms (black trace) of whisker-responsive deep cortical neurons recorded during whisker stimulation (red bar, I) and during whisker stimulation and concurrent layer V photoinhibition (yellow bar, I~1~). The gray trace in (I~1~) represents the average peri-stimulus histogram shown in (I).(J) Spike rate in the early (0--40 ms) and late (40--100 ms) response window under the different experimental conditions shown in (I) and (I~1~). n = 19 cells from 14 animals; early response, Wilcoxon test; late response, paired t test. In this as well as in other figures, \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. Error bars indicate SEM.See also [Figures S1--S4](#mmc1){ref-type="supplementary-material"} and [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

To evaluate the effect of layer V activation on the sensory-evoked firing, we performed juxtasomal recordings from 27 opsin-negative ([STAR Methods](#sec4){ref-type="sec"}) cortical cells. Because layer V cells discharge action potentials (APs) in response to sensory inputs with various latencies \[[@bib34], [@bib35]\], we delivered blue light at different delays (∼0, 30, and 50 ms) from the onset of the whisker-evoked response. In the 13 (out of 27) neurons responding with increased firing to the whisker deflection, blue light illumination decreased the whisker-evoked response ([Figures 1](#fig1){ref-type="fig"}D--1F) and the average time of individual spikes when the delay between onset of whisker-evoked response and light delivery was ≤30 ms (n = 8 cells from 6 animals, one-way repeated-measures ANOVA, p = 5E-4).

To demonstrate that endogenous spiking of layer V neurons similarly controls whisker-evoked responses, we expressed the inhibitory opsin halorhodopsin 3.0 (Halo) in a subpopulation of layer V neurons ([Figures 1](#fig1){ref-type="fig"}G, [S4](#mmc1){ref-type="supplementary-material"}A, and S4A~1~). We then performed juxtasomal electrophysiological recordings from 70 opsin-negative cortical neurons, 19 of which were classified as responsive to whisker deflection. When whisker stimulation was paired with photoinhibition (duration, 500 ms) of layer V neurons, the spike rate of the late (40--100 ms from the onset of the whisker deflection) neuronal response was increased, whereas no effect was observed on the spike rate of the early (0--40 ms) response ([Figures 1](#fig1){ref-type="fig"}H--1J). The average time of individual whisker-elicited spikes was increased by layer V suppression (n = 19 neurons from 14 mice, paired t test, p = 0.027).

Modulation of the Accuracy of Stimulus Time Encoding by Layer V {#sec2.3}
---------------------------------------------------------------

The temporal sharpening or widening of whisker-evoked response observed with activation and inactivation of layer V pyramidal cells led us to hypothesize that layer V modulates the accuracy of encoding of whisker deflection time in barrel cortical activity. The occurrence and timing of whisker deflections are signaled when several cortical neurons fire within a short window \[[@bib36], [@bib37]\]. To test our hypothesis, we thus built single-trial pseudo-simultaneous population responses of whisker-responsive neurons ([Figures 2](#fig2){ref-type="fig"}A--2D). We defined a population response event (PRE) as the firing of at least a certain fraction of neurons within a 10-ms bin ([Figures 2](#mmc1){ref-type="supplementary-material"}A~1~--2D~1~; [STAR Methods](#sec4){ref-type="sec"}). We quantified the effect of optogenetic activation ([Figures 2](#fig2){ref-type="fig"}B and 2B~1~) and inactivation ([Figures 2](#fig2){ref-type="fig"}D and 2D~1~) of layer V on how the stimulus time was encoded by PREs, compared to control conditions without illumination ([Figures 2](#fig2){ref-type="fig"}A, 2A~1~, 2C, and 2C~1~). Layer V stimulation occurring at latencies ≤30 ms from the whisker response onset elicited a distribution of PRE times shorter than in the absence of blue light ([Figures 2](#fig2){ref-type="fig"}E and 2E~1~). In contrast, layer V inactivation led to longer PRE times ([Figures 2](#fig2){ref-type="fig"}F and 2F~1~). We compared the absolute error of stimulus time estimation from PRE times (estimated by subtracting from each PRE time the mode of its distribution) across different conditions. We found that the absolute error was reduced by layer V activation with latencies ≤0 ms from the whisker response onset ([Figures 2](#fig2){ref-type="fig"}G and [S4](#mmc1){ref-type="supplementary-material"}C--S4F) and increased by layer V inactivation ([Figures 2](#fig2){ref-type="fig"}H and [S4](#mmc1){ref-type="supplementary-material"}G--S4J). Simultaneous recording of neuronal spiking across cortical layers using linear probes confirmed these results ([Figures S4](#mmc1){ref-type="supplementary-material"}K--S4R).Figure 2Layer V Increases the Precision of Encoding of Whisker Deflection Time(A and B) Representative pseudo-simultaneous population response to whisker stimulation (red bar, A) for the neurons displayed in [Figures 1](#fig1){ref-type="fig"}E and 1F, in the absence (A) or presence of layer V photoactivation (blue bar, B).(A~1~ and B~1~) Number of spikes per neuron for the same single trials shown in (A) and (B). The dashed line indicates the threshold (*Th*) for population response event (PRE) detection (see [STAR Methods](#sec4){ref-type="sec"}). Gray asterisks indicate PREs.(C and D) Same as (A) and (B), respectively, for whisker-responsive neurons displayed in [Figures 1](#fig1){ref-type="fig"}H--1J.(C~1~ and D~1~) Same as (A~1~) and (B~1~) for the same trials shown in (C) and (D).(E and E~1~) PREs in all pseudo-simultaneous whisker stimulation trials for the same neurons shown in (A) and (B) in the absence (E) or presence of layer V photoactivation (blue bar, E~1~).(F and F~1~) Same as in (E) and (E~1~) for layer V photosuppression.(G) Absolute estimate time error of PREs (absolute error) following whisker deflection and whisker deflection in the presence of layer V photostimulation. n = 99 (no layer V activation), n = 39 (layer V activation at \~0 ms), n = 59 (layer V activation at \~30 ms), and n = 65 (layer V activation at \~50 ms) PREs from n = 13 neurons from 7 animals; Kruskal-Wallis test.(H) Same as in (G) for layer V photoinhibition. n = 138 (no layer V inactivation) and n = 237 (layer V inactivation) PREs from n = 19 neurons from 14 animals; Mann-Whitney test.See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

Layer V Controls the Accuracy of Touch Time Encoding in Actively Sensing Animals {#sec2.4}
--------------------------------------------------------------------------------

We performed juxtasomal recordings from S1 neurons during the presentation of a vertical pole in the contralateral whisker field ([Figure 3](#fig3){ref-type="fig"}A). Mice were free to run on a wheel and to contact the pole through whisking, all but one whisker were trimmed, and recordings were targeted to the principal barrel column of the spared whisker. We restricted our analysis to touch-responsive deep cells ([STAR Methods](#sec4){ref-type="sec"}). Layer V neurons increased their firing rate after pole touch ([Figures 3](#fig3){ref-type="fig"}B and 3C). Optogenetic inhibition of layer V increased the firing rate of cortical neurons both in the pre-touch and in the post-touch time window ([Figures 3](#fig3){ref-type="fig"}B~1~ and 3C~1~; pre-touch spike rate: 5 ± 1 Hz versus 12 ± 3 Hz under control conditions and during layer V photoinhibition, paired t test, p = 8E-3; post-touch spike rate: 7 ± 1 Hz versus 12 ± 2 Hz under control conditions and during layer V photoinhibition, paired t test, p = 0.015). Moreover, layer V inhibition eliminated the touch-induced increase in neuronal firing rate ([Figure 3](#fig3){ref-type="fig"}D). As a consequence, the absolute error of stimulus time estimation increased ([Figures 3](#fig3){ref-type="fig"}E, 3E~1~, and 3F).Figure 3Layer V Controls the Encoding of Touch Time during Active Whisking(A) Juxtasomal recordings were performed in awake animals.(B and B~1~) Representative cell response during pole presentation trials (Pole, B) and touches during concurrent pole presentation and yellow light stimulation (Pole + laser, B~1~). Spikes were aligned to touch onset (0 ms, red line).(C) Average peri-touch time histograms of touch-responsive deep neurons under the different experimental conditions. n = 12 cells from 9 mice.(D) Spike rate in the pre (−20--0 ms) and in the post (0--40 ms) touch window during pole presentation (Pole) and during simultaneous pole presentation and yellow light (Pole + laser). n = 12 cells from 9 animals; paired t test.(E and E~1~) Representative PRE distribution for the same neurons shown in (C) and (C~1~), under the different experimental conditions.(F) Absolute error of touch time during pole presentation and during pole presentation in the presence of layer V photoinhibition. n = 12 cells from 9 animals; binomial test.See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

Layer V Inactivation Increases Reaction Times in a Texture Discrimination Task {#sec2.5}
------------------------------------------------------------------------------

To determine whether the decreased encoding accuracy of touch time triggered by layer V inhibition impacts perceptual behavior, we performed experiments in head-fixed *Rbp4-cre* mice expressing Halo and performing a go/no-go texture discrimination task ([Figures 4](#fig4){ref-type="fig"}A and 4A~1~). The mouse's performance remained at around 80% correct upon optogenetic illumination on the cranial window (Light WIN) or when light was delivered in a region outside the cranial window (Light EXT, [Figure 4](#fig4){ref-type="fig"}B). However, reaction times (RTs) in Hit trials were longer during optogenetic inactivation of layer V cells compared to RTs when the light was not presented (mean RT: 989 ± 80 ms versus 921 ± 78 ms in Light WIN and Light OFF, respectively; one-tailed paired t test, p = 0.014 Holm-Bonferroni corrected, n = 15 sessions from 5 animals; [Figure 4](#fig4){ref-type="fig"}C, left panel) and when the light was delivered outside the cranial window (mean RT: 989 ± 80 ms versus 945 ± 80 ms under Light WIN and Light EXT, respectively; one-tailed paired t test, p = 0.04 Holm-Bonferroni corrected; [Figure 4](#fig4){ref-type="fig"}C, right panel). We verified that light *per se* did not affect the animal's performance (one-tailed paired t test, p = 0.22 between Light OFF and Light EXT, n = 15 sessions from 5 animals) and RTs (mean RT: 921 ± 78 ms versus 945 ± 80 ms in Light OFF and Light EXT, respectively; one-tailed paired t test with Holm-Bonferroni correction, p = 0.20; n = 15 sessions from 5 animals). Importantly, local application of the GABA agonist muscimol in the barrel field of S1 reduced the performance to chance levels ([Figure 4](#fig4){ref-type="fig"}D).Figure 4Inhibition of Layer V Increases Reaction Times in a Texture Discrimination Task(A) Go/no-go texture discrimination task in head-fixed mice.(A~1~) Trial structure. CR, correct rejection; FA, false alarm.(B) Left: performance during Light OFF and Light WIN. Right: performance during Light EXT and Light WIN. n = 15 sessions from 5 mice; one-tailed paired t test.(C) Left: RTs in Hit trials during Light WIN as a function of the RTs in Hit trials during Light OFF. Right: RTs in Hit trials during Light WIN as a function of the RTs in Hit trials during Light EXT.(D) Performance before (Pre) and after (Post) muscimol application in S1. n = 3 sessions from 3 mice; paired t test.

Intracortical Layer V Projections Are Sufficient to Spread Excitation and Recruit Inhibitory Networks across Layers {#sec2.6}
-------------------------------------------------------------------------------------------------------------------

The effects of layer V activation on cortical cells *in vivo* could be mediated by direct, intracortical layer V projections or by an indirect loop in which layer V neurons project to a subcortical structure, which then projects back to the same cortical area. To discriminate between these possibilities, we performed combined patch-clamp recordings and optogenetic manipulations in brain slices in which the cortex was isolated from the rest of the brain ([Figure 5](#fig5){ref-type="fig"}; [Table S3](#mmc1){ref-type="supplementary-material"}). We recorded from 32 ChR2-negative principal neurons, 12 from layer V ([Figures 5](#fig5){ref-type="fig"}A--5B~2~), 10 from layer II/III ([Figures 5](#fig5){ref-type="fig"}C--5D~2~), and 10 from layer IV ([Figures 5](#fig5){ref-type="fig"}E--5F~2~). All recorded cells responded to blue light illumination with a pronounced depolarization when the cell was close to its resting potential, which turned into a transient depolarization followed by a large hyperpolarization when the cell was held at −50 mV. Few neurons (3/32) responded with an AP discharge during the initial transient depolarizing phase at depolarized holding potentials. All responses were reduced by DNQX (10 μM) and D-AP5 (50 μM, average peak response: control, 6.3 ± 1.8 mV; DNQX/D-AP5, 0.14 ± 0.14 mV, n = 4, paired t test, p = 0.036).Figure 5Intracortical Projections Are Sufficient to Mediate Membrane Potential Changes in Cortical Neurons(A) Schematic (left) of the experimental configuration for slice recordings and representative traces from a ChR2-negative layer V pyramidal neuron (right) during stimulation of layer V.(A~1~) Zoom-in of the response shown in (A).(B--B~2~) Positive peak amplitude (B), negative peak amplitude (B~1~), and area (B~2~) of the light-evoked response in ChR2-negative layer V principal neurons. n = 12; paired t test.(C--D~2~) Same as in (A)--(B~2~), respectively, for ChR2-negative layer II/III pyramidal neurons. n = 10; paired t test (D), Wilcoxon test (D~1~), and paired t test (D~2~).(E--F~2~) Same as in (A)--(B~2~), respectively, for ChR2-negative layer IV principal neurons. n = 10; paired t test.See also [Tables S3](#mmc1){ref-type="supplementary-material"} and [S5](#mmc1){ref-type="supplementary-material"}.

The hyperpolarizing response observed in brain slice experiments at depolarized membrane potential is consistent with the recruitment of inhibitory networks by layer V activation. We tested this hypothesis recording from electrophysiologically identified layer V, layer II/III, and layer IV interneurons in slices ([Figure 6](#fig6){ref-type="fig"}; [Table S4](#mmc1){ref-type="supplementary-material"}). Interneurons were divided into two groups ([Figures 6](#fig6){ref-type="fig"}A and 6A~1~; [Table S5](#mmc1){ref-type="supplementary-material"}): fast spiking (FS) and non-fast spiking (NFS) \[[@bib38], [@bib39]\]. Across layers, all FS cells and NFS cells responded to layer V photostimulation with a depolarization ([Figures 6](#fig6){ref-type="fig"}B--6C~2~), which was blocked by DNQX and D-AP5 application (average response peak: control, 13.3 ± 3.9 mV; DNQX/D-AP5, 0.7 ± 0.4 mV; n = 5; paired t test, p = 0.024). Layer V photoactivation elicited firing in 7/9 FS and 4/11 NFS layer V cells, in 5/6 FS and 5/14 NFS layer II/III cells, and in 7/8 FS layer IV interneurons ([Figure 6](#fig6){ref-type="fig"}C~3~). To investigate whether layer V recruited inhibition through direct layer V-interneuron connection, we recorded light-evoked excitatory postsynaptic currents (EPSCs) from layer II/III inhibitory (and excitatory) neurons in the presence of tetrodotoxin (TTX) (0.5--1 μM). In all the NFS (n = 3) and FS (n = 4) neurons and in 7 out of 9 pyramidal neurons, we recorded EPSCs of significant amplitude ([Figures 6](#fig6){ref-type="fig"}D and 6D~1~). Light-evoked EPSCs were recorded in TTX also in 4 layer IV FS interneurons (EPSC amplitude, −15.7 ± 0.8 pA, n = 4 cells). EPSCs were abolished by NBQX and D-AP5 (n = 9 cells).Figure 6Layer V Recruits Inhibitory Networks across Layers(A) Schematic of the experiment in cortical slices. The gray circle indicates ChR2-negative interneurons.(A~1~) Current injections in a layer V fast-spiking (FS; left; −100 and +600 pA) interneuron and in a non-fast-spiking (NFS; right; −100, +500, +700 pA) interneuron. APs are shown at an enlarged timescale in the insets.(B) Top left: subthreshold responses to layer V stimulation for a layer V FS interneuron. Bottom left: a different FS interneuron showing supra-threshold response to blue light stimulation. Right: same as on the left for layer V NFS interneurons.(C--C~3~) Positive peak amplitude (C), negative peak amplitude (C~1~), and area (C~2~) of the light-evoked response in 9 FS and 11 NFS layer V interneurons, in 6 FS and 14 NFS layer II/III interneurons, and in 8 FS layer IV interneurons.(C~3~) The probability of firing for 7 FS and 4 NFS layer V cells, for 5 FS and 5 NFS layer II/III cells, and for 7 FS layer IV interneurons.(D) EPSCs were recorded from layer II/III ChR2-negative pyramidal cells (gray triangle) or interneurons (gray oval) in brain slices in the presence of TTX.(D~1~) Left: light-evoked EPSCs recorded in one layer II/III ChR2-negative pyramidal neuron (top) and one layer II/III interneuron (bottom) in TTX. Middle: charge transfer under the different conditions (n = 7 pyramids and n = 7 interneurons). Right: peak EPSC amplitude for the same cells displayed in the middle panel.(E) Left: schematic of the experiment. Right: voltage-clamp recording from a ChR2-negative layer V pyramidal neuron showing light-evoked IPSCs and EPSCs.(F) Excitatory and inhibitory charge transfer for ChR2-negative layer V pyramidal neurons (n = 6 cells).See also [Tables S4](#mmc1){ref-type="supplementary-material"} and [S5](#mmc1){ref-type="supplementary-material"}.

Given that layer V photostimulation drives both FS and NFS interneurons to fire and interneurons innervate pyramidal neurons, layer V photostimulation should trigger inhibitory postsynaptic currents (IPSCs) in ChR2-negative cells. To test this hypothesis, we performed voltage-clamp recordings in brain slices from ChR2-negative pyramidal cells in layer V, whereas stimulating the ChR2-positive pyramidal neurons in layer V. All recorded neurons displayed IPSCs following layer V stimulation ([Figures 6](#fig6){ref-type="fig"}E and 6F).

PV-Positive Interneurons Modulate Cortical Response to Layer V Stimulation {#sec2.7}
--------------------------------------------------------------------------

Is the inhibitory component of cortical responses to layer V activation mainly dependent on one specific class of interneurons? It has been shown that a subpopulation of somatostatin (SST) interneurons provide strong di-synaptic inhibition to principal neurons within layer V \[[@bib40], [@bib41]\]. We thus first performed combinatorial optogenetic experiments in which we expressed inhibitory opsins in SST interneurons, whereas expressing ChR2 in a subpopulation of layer V cells. We crossed *Thy1-ChR2* line 18 mice, in which ChR2 is expressed mainly in a subpopulation of pyramidal layer V cells \[[@bib42], [@bib43]\], with *SST-cre* animals ([Figure S5](#mmc1){ref-type="supplementary-material"}A) and performed injections of AAV carrying a flex inhibitory opsin construct together with AAV transducing TdTomato. Cre-mediated recombination occurred in GABAergic ([Figure S5](#mmc1){ref-type="supplementary-material"}B) and SST-positive ([Figure S5](#mmc1){ref-type="supplementary-material"}C) interneurons. Arch- or Halo-expressing cells displayed firing properties compatible with those of SST interneurons and yellow light (λ = 594 nm) suppressed AP firing in SST cells ([Figures S5](#mmc1){ref-type="supplementary-material"}D and S5E). In the hemisphere contralateral to the AAV injection site in double-transgenic mice, blue light evoked state-dependent membrane potential responses in cortical cells, similar to those observed in *Rbp4-cre* mice. We then stimulated layer V pyramids with blue light while inhibiting SST interneurons with yellow light ([Figure S6](#mmc1){ref-type="supplementary-material"}A) in the hemisphere ipsilateral to the injection site, *in vivo*. We found that the responses of supragranular and infragranular cells to blue light illumination were not affected by the photoinhibition of SST cells (n = 12 from 6 animals; [Figures S6](#mmc1){ref-type="supplementary-material"}B--S6E). As important controls, we found that yellow light *in vivo* did not cause any change in the membrane potential of cells in the hemisphere contralateral to the injected one (n = 5 cells from 2 animals, one-way repeated-measures ANOVA, p = 0.52 and p = 0.13 for the resting and the activated states). We performed experiments using a prolonged blue light stimulus (stimulus duration, 100 ms), which generated a pattern of APs in ChR2-positive layer V neurons similar to the one elicited by whisker deflection ([Figures S7](#mmc1){ref-type="supplementary-material"}A--S7C). Similar to what was observed before, we found that the responses to blue light were not affected by the SST photoinhibition ([Figures S7](#mmc1){ref-type="supplementary-material"}D--S7F). Moreover, we recorded from opsin-positive SST interneurons in slice preparations and found that yellow light efficiently hyperpolarized recorded cells ([Figures S6](#mmc1){ref-type="supplementary-material"}F and S6G; average hyperpolarization: −34 ± 6 mV, n = 9), whereas blue light delivered during yellow light illumination generated depolarization (average depolarization: 20 ± 5 mV, n = 9). The yellow light-induced hyperpolarization reduced spiking evoked by blue light (0.71 ± 0.19 spikes/stimulus versus 0 ± 0 spikes/stimulus, with blue light and with blue light in the presence of yellow light, respectively; n = 9, Wilcoxon test, p = 4E-3). We also recorded light-induced IPSCs in layer II/III and V cells during blue light alone or during concurrent illumination with blue and yellow light ([Figures S6](#mmc1){ref-type="supplementary-material"}H--S6K). Photoinhibition of SST interneurons had a small impact on layer V-evoked IPSCs.

We next targeted inhibitory opsins to parvalbumin (PV) cells by crossing *Thy1-ChR2* mice with *PV-cre* mice ([Figure S5](#mmc1){ref-type="supplementary-material"}F) and injecting the double-transgenic offspring with AAVs transducing an inhibitory opsin together with TdTomato. Cre recombination occurred in GABA-positive and PV-positive cells ([Figures S5](#mmc1){ref-type="supplementary-material"}G and S5H). Neurons expressing the inhibitory opsin displayed a firing pattern compatible with that of PV-positive interneurons and yellow light suppressed AP firing ([Figures S5](#mmc1){ref-type="supplementary-material"}I and S5J). We photostimulated layer V neurons while photoinhibiting PV-positive cells *in vivo* ([Figures 7](#fig7){ref-type="fig"}A and 7B). We found that responses of supragranular and infragranular cells to layer V activation were decreased by concurrent photoinhibition of PV interneurons ([Figures 7](#fig7){ref-type="fig"}C and 7D). Moreover, the probability of observing hyperpolarizing responses induced by layer V activation was reduced ([Figure 7](#fig7){ref-type="fig"}E). Experiments with prolonged blue light stimuli confirmed these results ([Figures S7](#mmc1){ref-type="supplementary-material"}G--S7I). Importantly, in cortical slices, yellow light hyperpolarized the recorded interneuron ([Figures 7](#fig7){ref-type="fig"}F and 7G; average cell hyperpolarization: −7 ± 3 mV, n = 4), whereas blue light delivered during yellow light illumination generated membrane depolarization (average depolarization: 18 ± 4 mV, n = 4). The yellow light-induced hyperpolarization reduced spiking evoked by blue light stimuli (0.68 ± 0.13 spikes/stimulus versus 0.36 ± 0.14 spikes/stimulus, under control conditions and in the presence of yellow light, respectively; n = 17, paired t test, p = 5E-3). Photoinhibition of PV interneurons attenuated the amplitude and charge transfer of the IPSC evoked by the activation of layer V ([Figures 7](#fig7){ref-type="fig"}H--7K), confirming that PV interneurons contribute to the response of cortical neurons to layer V stimulation. Importantly, the inhibitory effect of layer V activation on whisker-evoked activity *in vivo* was reduced upon PV interneuron photoinhibition ([Figures 7](#fig7){ref-type="fig"}L--7P).Figure 7PV Interneurons Strongly Modulate Cortical Responses to Layer V Stimulation(A) Schematic of the *in vivo* experiment.(B) Recordings from a ChR2-negative principal neuron *in vivo* showing blue light stimulation alone (Pre and Post) and combined blue and yellow light stimulation (PV-inhibition) during an activated state.(C--E) Negative peak amplitude (C), area (D), and response probability (E) of light-evoked responses under the conditions shown in (B). n = 20 cells from 10 animals; one-way repeated-measures ANOVA.(F) Schematic of the experimental configuration in slices.(G) A Halo-expressing PV interneuron showing cell hyperpolarization upon yellow light (yellow bar).(H) Scheme of the brain slice experiment; recorded cells were located both in layers II/III and V.(I) Representative examples of IPSCs evoked in recorded cells by layer V stimulation before (Pre), during (PV-inhibition), and after (Post) photoinhibition of PV interneurons.(J and K) Amplitude (J) and charge (K) of IPSCs under the different experimental conditions. n = 28 cells; one-way repeated-measures ANOVA.(L) Same as in (A) and (B) but in the presence of whisker deflection.(M) A ChR2-negative principal neuron *in vivo* showing the response to whisker stimulation (Whisker), whisker stimulation in the presence of blue light (Whisker + laser), and whisker stimulation in the presence of blue and yellow light (Whisker + laser + PV-inhibition) during an activated state.(N--P) Positive peak amplitude (N), membrane potential value at the whisker response time peak (O), and area (P) for supragranular and infragranular ChR2-negative neurons under the different conditions shown in (M). n = 11 cells from 5 animals; one-way repeated-measures ANOVA.See also [Figures S5--S7](#mmc1){ref-type="supplementary-material"}.

Discussion {#sec3}
==========

Previous optogenetic studies have begun to reveal the complex cellular interactions in supra-, infra-, and granular layers \[[@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib10], [@bib11], [@bib12], [@bib44], [@bib45]\]. Here, we show for the first time that firing of layer V cells tunes the temporal pattern of cortical sensory responses through intra- and trans-laminar excitation followed by PV-mediated inhibition. The temporal sharpening of the cortical responses to sensory stimulation by layer V increases the accuracy of cortical encoding of stimulus time.

Active exploration of surfaces by the animal to discriminate objects and textures elicits sudden whisker deflections whose temporal structure contributes to tactile discrimination \[[@bib26], [@bib27]\]. S1 neurons respond to whisker deflections with millisecond latency and with a precise temporal structure that encodes information relevant to the animal's perception \[[@bib28], [@bib46]\]. If layer V neurons fire immediately after the initial response of whisker-coding neurons, as suggested by the response latencies observed *in vivo* \[[@bib34], [@bib35]\], they would suppress later firing while preserving the short-latency response that carries almost all the information about rapid whisker stimulation \[[@bib47]\]. Such sharpening would greatly facilitate the decoding of timing of rapid whisker deflection from coincident firing in pools of S1 neurons \[[@bib36]\] by reducing the false detection of whisker activation due to later firing. Truncating the neuronal response would also avoid the superposition of a given response with that of successive whisker deflections. By temporally tuning the cortical response to tactile stimuli, layer V neurons may therefore facilitate the encoding of sequences of rapid whisker deflections that occur during stimulation by surface textures. In a texture discrimination task, we indeed found that RTs in Hit trials were longer during optogenetic inactivation of layer V cells compared to when the light was not presented. Although significant, the effect on RTs was small (44--68 ms) compared to RTs under control conditions (989 ± 80 ms), consistent with the observation that we manipulated the activity of a minority of layer V cells (≤25%; see [STAR Methods](#sec4){ref-type="sec"} and the legends of [Figures S1](#mmc1){ref-type="supplementary-material"}B, S1C, and [S4](#mmc1){ref-type="supplementary-material"}A--S4B~1~). Our observation that RTs increase upon layer V inhibition is consistent with the proposed effect of layer V on sensory coding. Indeed, layer V inhibition during either passive whisker stimulation in anesthetized animals or active whisking in awake mice resulted in decreased precision of encoding of whisker stimulus time. Decreasing the precision in encoding stimulus time is expected to make it harder for the mouse to detect the presence of the sensory stimulus, in agreement with the observed increase in RTs in the discrimination task. The sensory response to single-whisker touch on the pole during active whisking was small and the effect of layer V inhibition included an increase in firing rate in the post-touch window but also in the pre-touch window ([Figure 3](#fig3){ref-type="fig"}C~1~). This latter observation is not inconsistent with the effect of layer V inhibition on the late whisker response to passive deflection described in [Figure 1](#fig1){ref-type="fig"}I~1~, because a delayed effect of layer V inhibition on the cortical response to whisker touch may be observed in the post-touch window of touch (*i*) but also in the pre-touch window of touch (*i* + 1) during active whisking. Future experiments will be needed to investigate the difference in the absolute value of baseline firing and whisker deflection-evoked or touch-evoked firing observed under anesthesia and in awake mice.

To dissect the cellular mechanisms underlying layer V control of cortical excitability, we first asked whether intracortical circuits were sufficient to generate the complex membrane potential responses observed in ChR2-negative cells following layer V activation. Given the widespread projection of layer V neurons to extracortical areas that in turn massively project back to the cortex (e.g., the cortico-thalamo-cortical loop), the effect of layer V stimulation could be mediated by cells located in extracortical structures. However, our findings in neocortical slices isolated from the rest of the brain demonstrated that intracortical projections are sufficient to mediate the effects of layer V stimulation. Moreover, recordings in the presence of TTX indicated that layer V directly innervates pyramids and interneuronal cells across layers.

Activation of layer V excitatory fibers heavily recruits local cortical interneurons across layers. Cortical slice experiments demonstrated that layer V stimulation evoked spiking in ∼80% of FS and 40% of NFS interneurons and elicited GABAergic IPSCs in principal cells ([Figures 6](#fig6){ref-type="fig"}E and 6F). Moreover, combinatorial optogenetic experiments *in vivo* and *in vitro* showed that PV interneurons, rather than SST-positive cells, predominantly influenced the cortical responses to layer V photostimulation ([Figures 7](#fig7){ref-type="fig"}, [S6](#mmc1){ref-type="supplementary-material"}, and [S7](#mmc1){ref-type="supplementary-material"}). Previous findings in slice preparations \[[@bib40], [@bib41]\] reported a di-synaptic inhibitory pathway among layer V pyramidal neurons mediated by a subpopulation of NFS SST-positive interneurons, the Martinotti cells. Our data are not inconsistent with these reports, because we found that layer V pyramids drive firing in NFS neurons, a group of interneurons that includes the Martinotti cells. Furthermore, in slice recordings, we observed that photoinhibition of SST interneurons had a small, but significant, impact on the IPSC in principal neurons that was evoked by stimulation of layer V pyramidal cells ([Figure S6](#mmc1){ref-type="supplementary-material"}J). However, *in vivo* the cortical responses to layer V stimulation were affected by photoinhibition of PV cells ([Figures 7](#fig7){ref-type="fig"}B--7E) but not SST cells ([Figures S6](#mmc1){ref-type="supplementary-material"}B--S6E). Therefore, we propose that *in vivo*, PV-positive cells are the major interneuronal population contributing to the modulation of cortical excitability exerted by layer V activation. In this regard, it is interesting to note that in cortical slice recordings, we found that layer V activation efficiently drives firing in interneurons located across layers. Analogous to layer VI principal cells, which suppress cortical activity by activating layer VI inhibitory neurons whose axons span all layers \[[@bib3], [@bib4]\], layer V pyramidal neurons contact a population of PV-positive GABAergic neurons in layer V whose trans-laminar axons project to supra-granular layers \[[@bib48], [@bib49]\]. Thus, one possibility is that the hyperpolarizing responses evoked by layer V are mediated by a combination of intra- and trans-laminar inhibition.

Based on the evidence presented in this study, we propose the presence of two prominent circuits for sensory processing within a single cortical column: layer IV to layer II/III and layer V to layer II/III. Each of these two circuits can be directly activated by thalamic inputs \[[@bib35], [@bib50], [@bib51], [@bib52]\] and process information. The activity of these two parallel pathways is then integrated (1) in infra-granular layers, a major target of layer II/III axons; (2) in supra-granular layer II/III, where the axonal projections from both layer IV and layer V converge \[[@bib9]\]; (3) through layer IV control of layer V interneurons \[[@bib10]\]; and (4) through layer V control of layer IV cells ([Figures 5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and [S2](#mmc1){ref-type="supplementary-material"}).

In summary, our study shows that the prototypical cortico-fugal layer V directly controls information encoding in the cortex via intra- and trans-laminar excitatory projections that recruit both glutamatergic and GABAergic cortical circuits. During somatosensation, layer V pyramidal neurons not only relay sensory information to higher brain areas but actively sculpt local cortical coding, leading to temporal sharpening of cortical responses to sensory inputs.

STAR★Methods {#sec4}
============

Key Resources Table {#sec4.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Antibodies**Rabbit anti-GABA unconjugatedSigma-AldrichCat\# A2052; RRID: [AB_447652](nif-antibody:AB_447652){#intref0010}Rat monoclonal anti-somatostatinMilliporeCat\# MAB354; RRID: [AB_2255365](nif-antibody:AB_2255365){#intref0015}Mouse monoclonal anti-parvalbuminSigma-AldrichCat\# P3088; RRID: [AB_477329](nif-antibody:AB_477329){#intref0020}Mouse anti-NeuNMilliporeCat\# MAB377; RRID: [AB_2298772](nif-antibody:AB_2298772){#intref0025}**Bacterial and Virus Strains**AAV.EF1a.DIO.hChR2(H134R)-eYFP.WPRE.hGHPenn Vector CoreAddgene viral prep \# 20298-AAV1AAV.EF1a.DIO.eNpHR3.0-eYFP.WPRE.hGHPenn Vector Core, see \[[@bib53]\]Addgene viral prep \# 26966-AAV1 and --AAV9AAV.CBA.Flex.Arch-GFP.WPRE.SV40Penn Vector Core, see \[[@bib54]\]Addgene viral prep \# 22222-AAV1 and --AAV9AAV.CAG.Flex.tdTomato.WPRE.bGHPenn Vector CoreAllenInstitute864**Chemicals, Peptides, and Recombinant Proteins**bisBenzimide H 33342 trihydrochloride (Hoechst)Sigma-AldrichCat\# B2261; CAS: 23491-52-3Lidocaine *N*-ethyl bromide (QX-314 bromide)Sigma-AldrichCat\# L5783; CAS: 21306-56-9SR95531 hydrobromide (Gabazine)TocrisCat\# 1262; CAS: 104104-50-9DNQX disodium saltTocrisCat\# 2312; CAS: 1312992-24-7NBQX disodium saltTocrisCat\# 1044; CAS: 479347-86-9D-AP5TocrisCat\# 0106; CAS: 79055-68-8Muscimol, BODPY TMR-X conjugateThermo Fisher ScientificM23400Cytochrome-cSigma-AldrichCat\# C2506; CAS: 9007-43-6CatalaseSigma-AldrichCat\# C9322; CAS: 9001-05-23,3′-Diaminobenzidine tetrahydrochloride hydrateSigma-AldrichCat\# D5637; CAS: 868272-85-9VECTASTAIN® Elite ABC-Peroxidase Kits StandardVector LaboratoriesCat\# PK-6100DAB Peroxidase Substrate KitVector LaboratoriesCat\# SK-4100; CAS: 7411-49-6 and CAS: 7791-20-0**Critical Commercial Assays**Kwik-CastWorld Precision InstrumentsCat\# KWIK-CASTStepper motorZaberCat\# T-NM17A04Motorized linear stageZaberCat\# T-LSM100A**Experimental Models: Organisms/Strains**Mouse: Tg(Rbp4-cre)KL100Gsat/MmcdGENSATRRID: MMRRC_031125-UCDMouse: B6;129S6-*Gt(ROSA)26Sor*^*tm14(CAG-TdTomato)Hze*^/JThe Jackson LaboratoryRRID: IMSR_JAX:007908Mouse: B6;129P2-*Pvalb*^*tm1(cre)Arbr*^/JThe Jackson LaboratoryRRID: IMSR_JAX:008069Mouse: *Sst*^*tm2.1(cre)Zjh*^/JThe Jackson LaboratoryRRID: IMSR_JAX:013044Mouse: B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/JThe Jackson LaboratoryRRID: IMSR_JAX:007612**Software and Algorithms**pClamp 10 Software Suite (v10.2 and v10.4)Molecular Devices<https://www.moleculardevices.com>; RRID: [SCR_011323](rridsoftware:SCR_011323){#intref0035}Cheetah (v5.0)NeuraLynx<https://neuralynx.com/software/cheetah>LabVIEWNational Instruments<http://ni.com>; RRID: [SCR_014325](rridsoftware:SCR_014325){#intref0050}NeurolucidaMBF BioscienceRRID: [SCR_001775](rridsoftware:SCR_001775){#intref0055}MATLAB (version 2014b)Mathworks<http://www.mathworks.com>; RRID: [SCR_001622](rridsoftware:SCR_001622){#intref0065}WhiskSee \[[@bib55]\]<https://www.janelia.org/open-science/whisk-whisker-tracking>ImageJFiji<https://fiji.sc/>Wave_ClusSee \[[@bib56]\]N/AGraphPad PRISM (v5.0)GraphPad PRISM<http://www.graphpad.com/>; RRID: [SCR_002798](rridsoftware:SCR_002798){#intref0085}**Other**Piezoelectric bimorph stimulatorPhysik InstrumenteCat\# PL140.1116 channel linear silicon probeNeuroNexusCat\# A1x16-3mm-50-177-Z16MultiClamp 700B amplifierMolecular Devices<https://www.moleculardevices.com>Axon Digidata 1440AMolecular Devices<https://www.moleculardevices.com>Axon Digidata 1550Molecular Devices<https://www.moleculardevices.com>Digital Lynx SXNeuraLynx<https://neuralynx.com>Basler ace cameraBasler AGCat\# acA800-510um

Lead Contact and Materials Availability {#sec4.2}
---------------------------------------

This study did not generate new unique reagents. Any further information and requests should be directed to and will be fulfilled by the Lead Contact, Tommaso Fellin (<tommaso.fellin@iit.it>).

Experimental Model and Subject Details {#sec4.3}
--------------------------------------

### Mice {#sec4.3.1}

All experiments involving living animals were approved by the National Council on Animal Care of the Italian Ministry of Health (authorization \# 34/2015-PR and 125/2012-B) and carried out in accordance with the guidelines established by the European Communities Council Directive. The mouse strain Tg(Rbp4-cre)KL100Gsat/Mmcd (otherwise called *Rbp4-cre*), identification number 031125-UCD, was obtained from the Mutant Mouse Regional Resource Center, a NCRR-NIH funded strain repository, and was donated to the MMRRC by the NINDS-funded GENSAT BAC transgenic project. B6;129S6-*Gt(ROSA)26Sor*^*tm14(CAG-TdTomato)Hze*^/J, id \#007908 (otherwise called *TdTomato* line), B6;129P2-*Pvalb*^*tm1(cre)Arbr*^/J, id \#008069 (*PV-cre* line), STOCK *Sst*^*tm2.1(cre)Zjh*^/J, id \#013044 (*SST-cre* line) and B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/J line 18, id \#007612 (*Thy1-ChR2* line) were purchased from the Jackson Laboratory (Bar Harbor, USA). All data were collected from mice of either sex. From postnatal days 30, animals were separated from the original cage and housed in group of up to four littermates *per* cage with *ad libitum* access to food and water in a 12:12 light-dark cycle. Age of animals used for each experimental dataset is specified in [Method Details](#sec4.4){ref-type="sec"}. The number of animals used for each experimental dataset is specified in the text or in the corresponding Figure legend.

Method Details {#sec4.4}
--------------

### Viral Injections {#sec4.4.1}

*Rbp4-cre* x *TdTomato* mice were injected with AAV.EF1a.DIO.hChR2(H134R)-eYFP.WPRE.hGH or AAV.EF1a.DIO.eNpHR3.0-eYFP.WPRE.hGH; *SST-cre* or *PV-cre* x *Thy1-ChR2* mice were injected with a combination of AAV.CBA.Flex.Arch-GFP.WPRE.SV40 and AAV.CAG.Flex.tdTomato.WPRE.bGH (1:1) or AAV.EF1a.DIO.eNpHR3.0-eYFP.WPRE.hGH and AAV.CAG.Flex.tdTomato.WPRE.bGH (1:1). For experiments in [Figures S5](#mmc1){ref-type="supplementary-material"}A--S5C and S5F--S5H, *SST-cre* or *PV-cre* x *Thy1-ChR2* mice were injected with AAV.CAG.Flex.tdTomato.WPRE.bGH. All viral injections were performed at the date of birth (P0-P2) similarly to \[[@bib57], [@bib58]\], unless otherwise stated, and adeno-associated viruses (AAVs) were purchased from the University of Pennsylvania Viral Vector Core. Newborn mice were deeply anesthetized by hypothermia and immobilized in a refrigerated custom stereotaxic apparatus. A volume of *∼* 250 nL of viral suspension was gradually injected at stereotaxic coordinates of 0 mm from bregma, 1.5 mm lateral to the sagittal sinus and 0.3 mm depth, by means of a glass micropipette. After the injection, the micropipette was gently removed and the skin was sutured. The pups were quickly revitalized under a heat lamp and subsequently returned to the cage.

### Animal preparation and surgery for *in vivo* recordings {#sec4.4.2}

#### Anesthetized mice {#sec4.4.2.1}

Mice (age \> 24 postnatal days) were anesthetized with an intraperitoneal injection of urethane (16.5%, 1.65 g^∗^kg^−1^) and placed on a stereotaxic apparatus. Body temperature was measured with a rectal probe and kept at 37°C with a heating pad. The depth of anesthesia was assured by monitoring respiration rate, heartbeat, eyelid reflex, vibrissae movements, reactions to tail and toe pinching. Oxygen saturation was controlled by a pulse oximeter (MouseOx, Starr Life Sciences Corp., Oakmont, PA). 2% lidocaine solution was injected under the skin before surgical incision. A small craniotomy (500 × 500 μm) was performed over S1 and, after the removal of the bone, the surface of the brain was continuously kept moist with normal HEPES-buffered artificial cerebrospinal fluid (ACSF). The dura was removed only for extracellular recordings experiments with linear silicon probes ([Figures S4](#mmc1){ref-type="supplementary-material"}K--S4R).

For experiments with sensory stimulation ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [7](#fig7){ref-type="fig"}L--7P, [S3](#mmc1){ref-type="supplementary-material"}L--S3Q~2~, and [S4](#mmc1){ref-type="supplementary-material"}), the craniotomy was targeted to the barrel field of S1 using custom built set-up for intrinsic optical imaging similarly to \[[@bib59]\]. Intrinsic optical imaging was performed in mice in which the skull over the entire barrel field was thinned and illuminated with red light (wavelength: 630 ± 10 nm). Reflected light was collected with a camera (Hamamatsu, Milan, Italy). Most or all whiskers except the target one (usually C1 or C2 or D1) were trimmed. The targeted whisker was placed inside a glass pipette connected to a piezoelectric bender actuator (Physik Instrumente, Milan, Italy). The whisker was deflected at 18 Hz for 1.1 s every ∼20 s for 40 trials. Camera frames were averaged over trials and image analysis was performed following \[[@bib60]\]. The barrel corresponding to the stimulated whisker was identified as the region showing decreased reflectance relative to baseline. An image of the vasculature was taken with 546 nm illumination as spatial reference.

#### Awake head-fixed mice {#sec4.4.2.2}

For *in vivo* awake experiments, mice older than 6 weeks were used. Two-three weeks before recordings a custom head plate was implanted with dental cement posterior to S1 under isofluorane anesthesia (2.0%). The exposed bone was covered using the silicone elastomer Kwik-Cast (World Precision Instruments, Friedberg, Germany) and an intraperitoneal injection of antibiotic (BAYTRIL, Bayer, Germany) was given to prevent infection. Starting from two-three day after surgery, animals were habituated to head-restraint, pole presentation, and yellow light presentation sitting in a plastic tube ([Figures S3](#mmc1){ref-type="supplementary-material"}H--S3K~2~) or running on a free-spinning wheel ([Figures 3](#fig3){ref-type="fig"}, [S4](#mmc1){ref-type="supplementary-material"}B, and S4B~1~) as described in \[[@bib6], [@bib61]\] for a minimum of 7-10 days. Training periods gradually increased in duration each day, starting from a first head-restrained session lasting a few minutes. After completing the training, animals sat quietly in the recording environment ([Figures S3](#mmc1){ref-type="supplementary-material"}H--S3K~2~) or ran on the wheel ([Figures 3](#fig3){ref-type="fig"}, [S4](#mmc1){ref-type="supplementary-material"}B, and S4B~1~). Before electrophysiological recording, mice were anesthetized using 1.5%--2% isoflurane and a craniotomy was performed as described above. A minimum of 30 minutes was given to the mice to recover from anesthesia before the beginning of the recording session.

### Slices preparation {#sec4.4.3}

Acute cortical coronal slices of S1 were made from P18-P36 animals. Mice were anesthetized with urethane (16.5%, 1.65 g^∗^kg^−1^) and decapitated. The brain was quickly dissected and placed in an ice-cold cutting solution containing: 130 mM Kgluconate, 15 mM KCl, 0.2 mM EGTA, 20 mM HEPES, and 25 mM glucose, with pH adjusted to 7.4 with NaOH and oxygenated with O~2~ 100%. Slices (slice thickness: 300 μm) were cut with a vibratome (VT1000S, Leica Microsystems, GmbH, Wetzlar, Germany) and after removing the subcortical areas, slices were immersed for 1 min in solution at room temperature (RT) containing: 225 mM D-mannitol, 25 mM glucose, 2.5 KCl, 1.25 NaH~2~PO~4~, 26 NaHCO~3~, 0.8 mM CaCl~2~, 8 mM MgCl~2~, pH 7.4 with 95% O~2~/5% CO~2~. Slices were then incubated for 30 min at 35°C in standard ACSF (sACSF) composed of: 125 mM NaCl, 2.5 mM KCl, 25 mM NaHCO~3~, 1.25 mM NaH~2~PO~4~, 2 mM MgCl~2~, 1 mM CaCl~2~, 25 mM glucose, pH 7.4 with 95% O~2~/ 5% CO~2~ and then maintained at RT.

### Single cells electrophysiology {#sec4.4.4}

In both *in vivo* and *in vitro* experiments, the electrical signals were recorded through a Multiclamp 700B patch-clamp amplifier, digitized using a Digidata 1440 interface and analyzed with pClamp 10.2 or 10.4 software (Molecular Device, Sunnyvale, CA). *In vivo* and *in vitro* current-clamp recordings were sampled at 50 kHz and filtered at 10 kHz. *In vitro* voltage-clamp recordings were sampled at 10 kHz and filtered at 2 kHz.

### *In vivo* recordings {#sec4.4.5}

Patch-clamp current-clamp recordings were performed as previously described \[[@bib62]\]. In brief, 3-5 MΩ glass pipettes (Hilgenberg, Malsfeld, Germany) were filled with an internal solution containing (in mM): K-gluconate 140, MgCl~2~ 1, NaCl 8, Na~2~ATP 2, Na~3~GTP 0.5, HEPES 10, Tris-phosphocreatine 10 to pH 7.2 with KOH. In some experiments biocytin (3 mg^∗^ml^-1^) was added to the solution for post hoc anatomical identification. Data were not corrected for liquid junction potential. In all patch-clamp recordings, an average of \> 40 consecutive acquisitions (acquisition duration: 2-5 s) were performed under each experimental condition. For juxtasomal recordings (acquisition duration: 4-5 s), the pipettes were filled with HEPES-buffered ACSF. Data were acquired at 50 kHz and filtered at 10 kHz. Throughout the experimental session, the craniotomy was covered with normal HEPES-buffered ACSF. The depth of the recorded cortical cells was inferred from the position of the glass pipette with respect to the brain surface or, in some cases, determined by post hoc anatomical identification. Deep cells belonged to infragranular layers, either layer V (600 -- 890 μm) or VI (890 -- 1100 μm). Deep recorded cells were assigned to layer V or VI only if they were successfully filled and identified *a* p*osteriori*. Cells were considered located in deep layers when the glass pipette reached a depth \> of 600 μm \[[@bib6]\]. Superficially recorded cells (140-365 μm from the pial surface) were assigned to supragranular layer II/III even in the absence of morphological reconstruction. Layer IV cells were located at depth 400 - 600 μm and identified *a posteriori*. Cells in [Figures 1](#fig1){ref-type="fig"}A--C~1~ were principal ChR2-negative recorded in layers II/III, V and VI. Cells in [Figures 1](#fig1){ref-type="fig"}D--1J, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, and [S4](#mmc1){ref-type="supplementary-material"}C--S4J were principal opsin-negative neurons located in deep layers. Cells in [Figures S3](#mmc1){ref-type="supplementary-material"}A--S3K~2~ were located in supragranular layers. Cells in [Figures 7](#fig7){ref-type="fig"}, [S6](#mmc1){ref-type="supplementary-material"}, and [S7](#mmc1){ref-type="supplementary-material"}D--S7I were supragranular and infragranular ChR2-negative principal cells.

### *In vitro* recordings {#sec4.4.6}

Slices were transferred to a submerged recording chamber (RC26, Warner Instruments, Hamden, CT, USA) and continuously perfused with fresh bathing solution (in mM: 125 NaCl, 2.5 KCl, 1.25 NaH~2~PO~4~, 25 NaHCO~3~, 2 MgCl~2~, 2 CaCl~2~, 25 glucose, pH 7.4 with 95%O~2~/5% CO~2~). Bath temperature was maintained at 30--32°C by an inline solution heater and temperature controller (TC-344B, Warner Instruments, Hamden, CT, USA). Recorded neurons were visually identified with an infrared differential interference contrast microscopy (IR DIC) and a 40X water-immersion objective. Pipettes (tip resistance, 3--4 MΩ) were filled with internal solution containing (in mM): K-gluconate 140, MgCl~2~ 1, NaCl 8, Na~2~ATP 2, Na~3~GTP 0.5, HEPES 10, Tris-phosphocreatine 10 to pH 7.2 with KOH. For recordings in [Figures 6](#fig6){ref-type="fig"}E, 6F, [7](#fig7){ref-type="fig"}I--7K, and [S6](#mmc1){ref-type="supplementary-material"}I--S6K of excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs, respectively) the following solution was used (in mM): Cs-methansulfonate 145, NaCl 8, Na~2~ATP 2, Na~3~GTP 0.5, EGTA 0.3, HEPES 10, Tris-phosphocreatine 10 and Qx-314 bromide 5 (Sigma Aldrich, Saint Louis, MO) to pH 7.25 with CsOH. In some experiments biocytin (2-3 mg^∗^ml^−1^) was added to the intracellular solution for post hoc morphological identification. Series resistance (range 6-20 MΩ) was not compensated and data were not corrected for the liquid junction potential. In all the recordings obtained with the K-based intracellular solution, neurons were held at −70 mV, unless otherwise stated. The input resistance and the firing pattern of the recorded neurons were evaluated observing cellular responses to current injections (duration, 400 ms; initial current injection value, −100 pA; increasing current step, 50 pA, [Table S5](#mmc1){ref-type="supplementary-material"}). In all photostimulation experiments, consecutive trials (3-20) were recorded at 0.2 Hz, except for [Figures 7](#fig7){ref-type="fig"}H--7K and [S6](#mmc1){ref-type="supplementary-material"}H--S6K (0.1 Hz). In experiments displayed in [Figure 6](#fig6){ref-type="fig"}, interneurons were targeted using the IR DIC based on their round or fusiform cell body and the absence of clear apical dendrites. Pyramidal cells and interneurons were further distinguished based on their electrophysiological properties (see [Analysis of In Vitro Experiments](#sec4.5.3){ref-type="sec"} for details). In the experiments in [Figures 6](#fig6){ref-type="fig"}D and 6D~1~ the excitatory postsynaptic currents (EPSCs) were recorded clamping the neurons at −69 mV, corresponding to the reversal potential for Cl^−^ ions. In the recordings in which a Cs-based intracellular solution was used ([Figures 6](#fig6){ref-type="fig"}E, 6F, [7](#fig7){ref-type="fig"}H--7K, and [S6](#mmc1){ref-type="supplementary-material"}H--S6K), the EPSCs and IPSCs were isolated holding the cells at −73 mV and + 10 mV, the reversal potentials of inhibition and excitation which were calculated and experimentally established, respectively. Light-evoked IPSCs were completely blocked by the application of 12.5 μM gabazine (average charge transfer: control, 21.2 ± 6.6 pC; gabazine, 0.2 ± 0.4 pC, n = 11. Paired t test, p = 0.008), confirming the GABAergic nature of these currents. For experiments in [Figures 7](#fig7){ref-type="fig"}F, 7G, [S1](#mmc1){ref-type="supplementary-material"}G--S1L, [S5](#mmc1){ref-type="supplementary-material"}D, S5E, S5I, S5J, [S6](#mmc1){ref-type="supplementary-material"}F, and S6G cells were identified based on TdTomato fluorescence. DNQX, D-AP5, TTX, NBQX and gabazine were purchased from Tocris (Bristol, UK).

### Linear probes recordings {#sec4.4.7}

A 16-channel linear silicon probe (A1x16-3mm-50-177-Z16, NeuroNexus, Ann Arbor, MI) was slowly inserted to the desired depth using a micromanipulator (maximal probe depth: 1000-1050 μm). Electrical recording started 30 minutes after probe insertion. Throughout the experimental session, the craniotomy was covered with normal HEPES-buffered ACSF. Data were acquired with Cheetah 5 (Digital Lynx SX, NeuraLynx, Dublin, Ireland) in the 0.1 -- 9000 Hz range and were sampled at 32 kHz. Electrode depth was confirmed *a posteriori* by performing the inverse current source density (iCSD) analysis during sensory stimulation and identifying a sink corresponding to layer IV (see [Linear Probe Recordings in Anesthetized Mice](#sec4.5.2.5){ref-type="sec"} for details). At least 60 trials (trial duration: 5 s) were acquired under each experimental condition.

### Optical stimulation {#sec4.4.8}

Blue (λ = 473, 488 or 491 nm; stimulus duration 10 ms, unless otherwise stated) and yellow (λ = 594 nm; stimulus duration 500 ms) light illumination were performed using continuous wave, solid-state laser sources (CNI, Changchun, China; World Star Tech, Toronto, Canada; Cobolt, Vretenvägen, Sweden). Light pulses were delivered via an optical fiber (fiber diameter: 200 μm, amsTechnologies, Milan, Italy) or, in case of structured illumination, via a 10X object (Olympus, Tokyo, Japan) coupled to a DMD (see below). Blue light was presented at intensity of 0.13-18 mW. Yellow light was presented at intensity of ∼30 mW for *in vivo* experiments and 3-30 mW for *in vitro* recordings. Light power was measured at the fiber tip or underneath the objective (for recordings using DMD).

In *in vivo* recordings the fiber optic was positioned above the cortical area of interest and close to the pial surface such that the illuminated area comprised the region where the electrophysiological recording was performed. In [Figures 1](#fig1){ref-type="fig"}A--1C~1~, [7](#fig7){ref-type="fig"}L--7P, and [S3](#mmc1){ref-type="supplementary-material"}L--S3Q~2~ blue light was delivered 21-35 ms after the onset of the whisker-evoked depolarization. In the *in vitro* experiments displayed in [Figures 5](#fig5){ref-type="fig"}, [6A](#fig6){ref-type="fig"}--6C~3~, [7](#fig7){ref-type="fig"}H--7K, [S1](#mmc1){ref-type="supplementary-material"}G--S1L, and [S6](#mmc1){ref-type="supplementary-material"}H--S6K, the fiber optic was placed close to the slice surface at the border between layer V and layer IV. In the *in vitro* experiments displayed in [Figures 6](#fig6){ref-type="fig"}D and 6D~1~ the fiber optic was placed in layer II/III. The somata of patched neurons in layer II/III were located within the cortical column illuminated by the fiber tip. In dual color optogenetic experiments *in vivo*, two fibers were used and were oriented in order to illuminate the same cortical area. In brain slice experiments in [Figures 7](#fig7){ref-type="fig"}F, 7G, [S6](#mmc1){ref-type="supplementary-material"}F and S6G the blue and yellow lasers were delivered through a single optic fiber (fiber diameter: 200 μm). In experiments displayed in [Figures 7](#fig7){ref-type="fig"}H--7K and [S6](#mmc1){ref-type="supplementary-material"}H--S6K, blue and yellow light were delivered through two independent fibers (200 μm and 1000 μm in diameter, respectively).

For patterned illumination ([Figures S3](#mmc1){ref-type="supplementary-material"}A--S3G~2~) a 473 nm laser beam (CNI, Changchun, China) passed through an acousto-optic modulator (AOM, Gooch & Housego, USA) and neutral density filters (Thorlabs, Newton, NJ). The beam was expanded by a first telescope using achromatic doublet lenses (L~1~ and L~2~; L~1~, f = 35 mm; L~2~, f = 150 mm) to impinge on the active window of the Vialux DMD (DLP 7000, Texas Instruments, Dallas, TX) with an angle of −24° with respect to the direction normal to the DMD active window \[[@bib62]\]. The ON axis component of the modulated beam (exiting at 0° with respect to the direction normal to the DMD active window) was then relayed by a series of lenses (L~3~, focal distance, f = 100 mm; L~4~, f = 60 mm; L~5~, f = 100 mm) and a 10X microscope objective (UPlanFLN 10x 0.3NA, Olympus, Tokyo, Japan) to the sample. The OFF axis was directed to a beam dumper at an angle of +48° with respect to the direction normal to the DMD active window. A dichroic mirror was positioned between L~5~ and the microscope objective (Di01-R404/488/594, Semrock, Rochester, NY). Fluorescence was collected through a lens (L~6~, f = 180 mm) by a camera (ORCA-Flash4.0, Hamamatsu, Hamamatsu, Japan) with an appropriate emission filter in front of it. The DMD was controlled using custom-made software using LabVIEW (National Instruments, Austin, TX), which managed the communication with the Vialux driving board using the ALP-4.1 controller suite dynamic link libraries. The ALP 4.1 Advanced Programming Interface (API) allowed loading the patterns dynamically to an on-board memory, setting triggers and stimulation time, and managing other driver functionalities. A simple calibration routine was performed projecting a square pattern, adapting it to the pre-calibrated camera field of view, and retrieving the mapping parameters between DMD and sample plane. Patterned illumination was performed on a field of view of dimensions 400 × 400 μm^2^ ([Figures S3](#mmc1){ref-type="supplementary-material"}A--S3G~2~) or 200 × 200 μm^2^. For the 400 × 400 μm^2^ field of view, stimulation protocols consisted in a train of 5 consecutive patterns in which individual squares (lateral dimension, 12 μm) were randomly positioned in order to cover 1/5 of the field of view. Each pattern was projected for 2 ms; total train duration was 10 ms. Each patterned illumination session was accompanied by a wide field stimulation session that was performed using the DMD and illuminating the whole field of view. Total power delivered to the sample in the wide field or patterned mode was constant (1.9 mW).

In both excitatory and inhibitory optogenetic experiments, we accurately controlled the optical stimulation, using a small-diameter fiber optic (diameter: 200 μm) with low numerical aperture (NA: 0.22), placed almost adjacent to the surface of the brain to minimize the divergence of the uncollimated light beam exiting the fiber tip. Under these conditions, we estimated that the net illuminated cortical surface had a maximal diameter comparable to a single barrel column (∼300 μm) \[[@bib63]\]. This was verified in excitatory optogenetic experiments using wide field stimulation with DMDs, in which the area of illumination could be precisely controlled down to 200 × 200 μm^2^. Assuming that ∼16% of layer V neurons expressed the opsin (see [Figures S1](#mmc1){ref-type="supplementary-material"}A--S1E) and that ∼1300 layer V neurons were contained within a barrel-related column \[[@bib63]\], we estimated that our brief blue light stimulus resulted in the generation of 1-2 APs in ∼200 cells. This level of firing activity is reached under many physiological conditions, including whisker deflection \[[@bib64]\]. Most importantly, in our inhibitory optogenetic experiments we reduced the probability of firing in a similar number of layer V opsin-positive cells (∼200), given that 20 out of 90 juxtasomally recorded deep cells in anesthetized mice and 16 out of 64 deep cells in awake mice (22% and 25%, respectively, similar to the 16% value estimated from [Figures S1](#mmc1){ref-type="supplementary-material"}A--S1E) were silenced during 500 ms yellow light illumination in more than 90% of the trials in mice expressing the inhibitory opsin. However, only a fraction of these inhibitory opsin-positive neurons respond to the whisker stimulus. In fact, from our juxtasomal electrophysiological recordings in anesthetized and awake mice we estimated that ∼30%--50% of recorded infragranular neurons responded with increased firing rate to the whisker deflection.

### Sensory stimulation {#sec4.4.9}

For electrophysiological recordings in anesthetized mice, whisker deflection (duration: 10 ms, 0.2 Hz) was performed placing the targeted whisker inside a glass pipette attached to a piezoelectric stepper. The glass was positioned at ∼0.8 cm away from the mouse's face and the piezoelectric bender actuator was moved in the anterior-posterior direction. For the experiments in awake mice ([Figures 3](#fig3){ref-type="fig"}, [S4](#mmc1){ref-type="supplementary-material"}B, and S4B~1~), mice were head-fixed on a custom wheel (Ø: 8 cm; width: 6.4 cm; fabricated using a FFF 3D printer). A vertical bar (a needle with gauge number 20) was presented perpendicular to whisking motion at ∼0.8-1 cm from the whisker pad. The pole quickly moved in and out of the whisker field using a custom linear actuator controlled via Arduino Uno and synchronized with electrophysiology data via external triggers. The pole stayed still in the whisker field for 2 s at 0.25 Hz. Simultaneous high-speed videography was performed to track whisker movements and contacts as described in [Whisker Imaging and Tracking](#sec4.5.2.3){ref-type="sec"}.

### Behavioral experiments {#sec4.4.10}

#### Surgery for cranial window implantation {#sec4.4.10.1}

All procedures were conducted in accordance with the guidelines of the Veterinary Office of Switzerland and in agreement with the veterinary office of the Canton of Geneva (license number GE/74/18). The stereotaxic viral injections were carried out on five 6-week-old *Rbp4-cre* mice. A mix of O~2~ and 4% isoflurane at 0.4 l/min was used to induce anesthesia followed by an intraperitoneal injection of MMF solution consisting of 0.2 mg/kg medetomidine (Dormitor, Orion Pharma, Hamburg, DE), 5 mg/kg midazolam (Dormicum, Roche, Basel, CH), and 0.05 mg/kg fentanyl (Fentanyl, Sintetica, Mendrisio, CH) together in sterile 0.9% NaCl. AAV.EF1a.DIO.eNpHR3.0-eYFP.WP.hGH (300 nl) was delivered to the barrel cortex (1.4 mm posterior, 3.5 mm lateral from bregma). A 3 mm diameter cranial window was implanted, as described previously \[[@bib65]\]. After this procedure, a metal post was implanted lateral to the window using dental acrylic to restrict head movement during behavior.

#### Habituation and water deprivation {#sec4.4.10.2}

Animals were housed with an inverted light-dark cycle 7-8 days before the first pre-training session. All experiments were performed during the dark phase. Two weeks after surgery, mice were handled and accustomed to be head restrained on the training setup for 10-15 min during 4-5 days. Water deprivation started 3-5 days before the first pre-training session and ceased at the end of the training. Weight was monitored daily during this period and the amount of water given was adjusted to prevent them from losing more than 15% of their original weight. Altogether, mice received a minimum of 1 mL of water *per* day corresponding to the amount they drank during the training as rewards plus what the experimenter provided outside of the training sessions.

#### Behavioral testing {#sec4.4.10.3}

Using all whiskers, mice were trained to discriminate between three commercial-grade sandpapers (P600, P800, and P1000) in a Go/No-go paradigm as described previously \[[@bib66]\]. The control of devices and recording of behavioral parameters were performed with a data acquisition interface (PCI 6503, National Instruments, Austin, TX) and a custom-written LabWindows/CVI software (National Instruments, Austin, TX). Licks were detected electrically: mice were sitting on a metallic plate from which a current of 1.2 μA was applied and closed a circuit when their tongue touched the spout. Sandpapers were attached onto a four arms wheel (P800 × 2, P600, and P1000) mounted on a stepper motor (T-NM17A04, Zaber, Vancouver, Canada) and a motorized linear stage (T-LSM100A, Zaber, Vancouver, Canada) to move textures in and out of reach of whiskers. For each trial, the wheel spun for a random time in a back position and stopped between 2 textures positions. Then, the wheel moved in a front position and the selected texture fell onto the whisker field at approximately 15 mm from the snout with an angle of 70° relative to the rostro-caudal axis. Initially, mice were trained to trigger a 4-6 μl sucrose water reward (100 mg/ml) by licking the spout during the presentation of the target stimulus (P800). Then, they were gradually introduced to the No-go stimuli (P600 and P1000) within two-three sessions (pre-training; one session *per* day of 150-300 trials each). The training session started when Go and No-go stimuli were pseudo-randomly presented with 50% probability (P600 and P1000 were presented with a probability of 25% each) for each trial type with a maximum of 4 consecutive presentations of the same stimuli. A trial consisted in a 1 s pre-stimulus period followed by a 3 kHz auditory cue for 200 ms, a delay period of 500 ms after which the texture reached the whiskers within 150 ms and remained for 2 s before being retracted. Licking during the target stimulus presentation triggered a water reward at the end of the 2 s of presentation and was scored as a 'Hit'. Licking during the non-target stimulus presentation triggered a 500 ms white noise at the end of the 2 s of presentation plus a 5 s time out period and it was scored as a 'false alarm' (FA). In the absence of lick during stimulus presentation, trials were scored as 'miss' or 'correct rejection' (CR) for target and non-target stimuli, respectively. To refrain from compulsive licking during training, in addition to the aforementioned rules, mice had to show a 2 times increase in the licking rate during stimulus presentation compared to baseline to get rewarded on target stimulus presentation. 250-400 trials *per* session were performed (1 session *per* day) at a rate of 6 trials/min.

We delivered light for optogenetic inhibition of layer V by shining light at wavelength λ = 595 nm through an LED (M595L3, Thorlabs, Newton, NJ; light power density, ∼48 mW/mm^2^) from the beginning of the training sessions on the cranial window in 20% of trials ('Light WIN' in [Figure 4](#fig4){ref-type="fig"}). Light was delivered 100 ms before the texture started moving into the mouse whisker field and it was turned off 100 ms after the 2 s texture presentation using a linear ramp function for 500 ms to avoid rebound activity \[[@bib67], [@bib68]\]. In another 20% of trials, light (wavelength, λ = 595 nm; light power, 2 mW) from a LED placed in front of the mouse eyes was delivered the same way as for the 'light WIN' trials (with the same ramp for extinction) in order to control for the putative effect of direct retinal light stimulation during 'light WIN' trials on mouse performance ('Light EXT' in [Figure 4](#fig4){ref-type="fig"}). In the remaining 60% of trials no light was delivered ('Light OFF' in [Figure 4](#fig4){ref-type="fig"}). For experiments in [Figure 4](#fig4){ref-type="fig"}D, under light anesthesia (4% isoflurane at 0.4 l/min), a small hole was drilled through the cranial window to insert a glass pipette through which 300 nL of muscimol (Bodipy-TMR-X, 5 mM in saline buffer with 5% DMSO) was injected at 300 μm and 500 μm below the pia. Mice were left to recover for 45 min and their behavioral performance was then assessed for another 100 trials.

### Histology {#sec4.4.11}

The animals were deeply anesthetized with urethane and transcardially perfused with 0.01 M PBS, pH 7.4, and then 4% paraformaldehyde (PFA) in phosphate buffer (PB; pH 7.4). The brains were post-fixed overnight (ON) at 4°C and subsequently cut to obtain coronal slices of 40 μm thickness. Sections were incubated ON, or for 48 h, at 4°C in primary antibody diluted in a PBS solution containing 5% NGS, 0.3% Triton X-100, and 0.015% sodium azide or in PB containing 0.3% Triton X-100 and 10% BSA. Sections were then incubated for 2--3 h at RT in the appropriate secondary antibody. The sections were counterstained by incubation with Hoechst (1: 400) for 20 min at RT, mounted on glass slides using Mowiol (Sigma Aldrich, Saint Louis, MO) and coverslipped. To distinguish the boundary between layer V~a~ and V~b~, sections were incubated at 37°C for 1 to 4 hours in a PBS solution containing 0.03% Cytochrome-c, 0.01% Catalase, 0.05% 3,3′-diaminobenzidine (Sigma Aldrich, Saint Louis, MO). Primary antibodies used: Anti-GABA (1:1000 rabbit, Sigma A2052); Anti-Somatostatin (1:100 rat, Millipore MAB354, Billerica, MA); Anti-Parvalbumin (1:500 mouse, Sigma P3088); Anti-NeuN (1:250 mouse, Millipore MAB377, Billerica, MA). Alexa-conjugated (Invitrogen, Carlsbad, CA) secondary antibodies were used.

Fluorescence images were acquired with a Leica SP5 inverted confocal microscope. Cells were counted within a given cortical layer in at least 3 sections *per* animal and in at least 3 different animals. The sections were randomly sampled in the rough volume (1.5 mm radius) around the injection site. z stacks of images were acquired at steps of 2 μm (total z distance, 10 μm). Boundaries between layers were defined using Hoechst staining ([Figures S1](#mmc1){ref-type="supplementary-material"}B and S1C) or DIC images ([Figures S1](#mmc1){ref-type="supplementary-material"}D and S1E). For morphological reconstruction of recorded neurons, at the end of the *in vitro* experiment cortical slices were fixed in 4% PFA in PB at 4°C ON. Afterward, the tissue was transferred to a fixative-free PBS solution. For *in vivo* experiments, coronal slices (200 μm thick) obtained from the fixed brain were transferred to a fixative-free PBS solution. To reveal biocytin-filled neurons, after PBS rinsing, quenching of endogenous peroxidase and permeabilization, slices were treated with avidin-biotinylated horseradish peroxidase complex (Vectastain ABC elite, Vector Laboratories, Burlingame, CA) and then labeled with a 3,3′-diaminobenzidine solution (DAB Peroxidase Substrate Kit, Vector Laboratories, Burlingame, CA). After incubation with Hoechst (1: 400, 20 min, RT), slices were mounted on glass slides and coverslipped. Morphological reconstructions were performed using Neurolucida (MBF Bioscience, Williston, VT).

Quantification and Statistical Analysis {#sec4.5}
---------------------------------------

### Statistical methods {#sec4.5.1}

Values are expressed as mean ± s.e.m. Statistical analysis was performed with MATLAB software (Mathworks, Natick, MA) and GraphPad Prism 5 software (GraphPad Software, San Diego, CA). To test for normality of data distribution a Kolmogorov-Smirnov test was run on each experimental sample. The significance threshold was always set at 0.05. When comparing two populations of data, t test was used to calculate statistical significance in case of normal distribution, otherwise the non-parametric Mann-Whitney or Wilcoxon signed-rank (for unpaired and paired comparison, respectively) tests were used. When multiple populations of data were compared, one-way ANOVA with Bonferroni post hoc test was used in case of normal distribution, otherwise the non-parametric Friedman or Kruskall-Wallis with Dunn post hoc test were used for paired and unpaired comparison, respectively. All tests were two-sided, unless otherwise stated. For statistical comparison of the 100 repetitions shown in [Figure 3](#fig3){ref-type="fig"}F a Binomial test at the p = 0.05 level was used (see [Juxtasomal Recordings in Awake Mice](#sec4.5.2.4){ref-type="sec"} for details). For statistical comparison of behavioral data shown in [Figure 4](#fig4){ref-type="fig"}, a one-tailed Paired t test was used with post hoc Holm-Bonferroni correction for multiple comparison. The number of samples (n) and p values are reported in the figure legends; n typically refers to the number of neurons, unless otherwise stated. In all figures: ^∗^, p \< 0.05; ^∗∗^, p \< 0.01; ^∗∗∗^, p \< 0.001 and error bars indicate s.e.m. No statistical methods were used to pre-determine sample size, but we collected sample sizes similar to those reported in previous publications \[[@bib6], [@bib35]\]. Blinding was not used in this study. Criteria for data inclusion are described in following sections.

### Analysis of *in vivo* recordings {#sec4.5.2}

#### *In vivo* whole-cell patch-clamp experiments {#sec4.5.2.1}

Neurons were defined as ChR2-positive or ChR2-negative cells according to the latency of their response to laser stimulation (\< 1 ms for ChR2-positive cells; \> 1 ms for ChR2-negative cells). Cells with average resting membrane potential more depolarized than −50 mV were excluded from analysis. Responses to blue light stimulation were separated in two classes on the basis of the pre-stimulus membrane potential of the recorded neuron. The trials defined as 'resting state' were the ones in which the pre-stimulus membrane potential (i.e., the mean membrane potential in the 20 ms prior the laser pulse) was within 5 mV of the most hyperpolarized value observed in that same neuron. The trials defined as 'activated state' included all trials in which the pre-stimulus membrane potential was more than 13 mV depolarized than the most hyperpolarized value observed in the same recorded cell, similarly to \[[@bib69]\]. The integral of the membrane potential changes (named 'Area'), the amplitudes of the maximal depolarization ('Positive peak'), and the amplitude of the maximal hyperpolarization ('Negative peak') with respect to the pre-stimulus membrane potential were calculated on the average of all the trials in either 'resting state' or 'activated state', over a time window of 200 ms from the onset of the laser stimulus. For experiments with whisker stimulation, the 'Area', the maximal amplitudes of the whisker-evoked depolarization ('Peak amp'), and the membrane potential value at the time of maximal whisker-response ('V~m~ at whisker peak time') were measured in a time window of 150 ms starting from the rising phase of the whisker-evoked response selecting trials in the resting state. The membrane potential of the cell before stimulation was calculated in a 5 ms time window before the rising phase of the whisker-evoked response. For the analysis of recordings reported in [Figures 7](#fig7){ref-type="fig"}A--7E, [S6](#mmc1){ref-type="supplementary-material"}A--S6E, and [S7](#mmc1){ref-type="supplementary-material"}D--S7I trials occurring in the activated membrane state were selected. In the experiments displayed in [Figures 7](#fig7){ref-type="fig"}E, [S6](#mmc1){ref-type="supplementary-material"}E, [S7](#mmc1){ref-type="supplementary-material"}F, and S7I 'response probability' quantified the efficiency of the blue laser stimulation to trigger a prolonged hyperpolarization when the light stimulus occurred during an 'activated state'. 'Response probability' was calculated as the ratio between the number of single trials in which blue light hyperpolarized the membrane potential more than 4.5 mV with respect to the pre-stimulus membrane potential in a 200 ms time window post-stimulus and the total number of trials considered.

#### Juxtasomal recordings in anesthetized mice {#sec4.5.2.2}

In juxtasomal electrophysiological recordings spikes were identified with a threshold set at \> 3 times the peak-to-peak noise value using Clampfit (Molecular Device, Sunnyvale, CA). Visual inspection was subsequently used to avoid false positives. Identified spikes were analyzed using customized MATLAB codes (Mathworks, Natick, MA). Only cells with \> 50 trials in all protocols were considered for analysis. Neurons were considered positive for the excitatory opsin (ChR2) if they discharged AP during the 10 ms blue light illumination in more than 90% of the trials. Neurons were considered positive for the inhibitory opsin (Halo) if their firing (either spontaneous or sensory-evoked) was completely silenced during 500 ms yellow light illumination in more than 90% of the trials. We observed 20 halorhodopsin-positive neurons out of 90 juxtasomally recorded cells (22%). In 11 of the 20 halorhodopsin-positive neurons, whisker stimulation and light stimulation were performed at the same time and these cells are shown in [Figures S4](#mmc1){ref-type="supplementary-material"}A and S4A~1~. In the remaining 9 Halo-positive cells, whisker stimulation was performed either after light illumination or not at all. Opsin-positive neurons were excluded from the analysis displayed in [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [S4](#mmc1){ref-type="supplementary-material"}C--S4J. Neurons were considered to respond to the whisker stimulation if there was a significant increase (t test or Mann-Whitney, p = 0.05 one-tailed) in their spike activities during the post-stimulus window (ranging from 0 to 100 ms after the onset of the stimulus presentation) as compared to the activity in the pre-stimulus time window (ranging from −100 to 0 ms with respect to the onset of whisker deflection). Since the temporal profile of the spike responses was highly variable and to avoid missing any responsive neurons, we counted the number of spikes in 1 ms bin in both the pre- and the post-stimulus window. Using sliding windows of increasing duration (window duration: 10-100 ms, duration increase: 1 ms) we compared, for each sliding window duration, the intervals with the maximal number of spikes in the pre-stimulus window with the intervals with the maximal number of spikes in the post-stimulus window. A neuron was considered responsive when a significant increase between the pre-stimulus and post-stimulus activity in at least one sliding window duration was observed. False positive and false negative were corrected by visual inspection. Among all the opsin-negative neurons, 13 out of 27 cells and 19 out of 70 neurons were considered whisker-responsive for the dataset shown in [Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}, respectively. Peri-stimulus time histograms in [Figures 1](#fig1){ref-type="fig"}E--1E~3~, 1I, 1I~1~, and [S7](#mmc1){ref-type="supplementary-material"}A--S7C were obtained by binning each individual response with 10 ms bins, averaging across trials and then across neurons. Error bars indicate the standard error of the mean across neurons. For [Figures 1](#fig1){ref-type="fig"}F, 1J, [S4](#mmc1){ref-type="supplementary-material"}D, and S4H mean values of spikes rates were computed averaging individual spikes across trials and then across neurons during the response window (0-100 ms). To compute the accuracy of whisker stimulation time estimation that can be estimated by observing neural population activity ([Figures 2](#fig2){ref-type="fig"}G, 2H, and [S4](#mmc1){ref-type="supplementary-material"}C--S4J), we defined population response events (PREs) from single-trial pseudo-simultaneous population responses obtained by pooling together many neurons recorded sequentially with the juxtasomal techniques. More precisely, in each trial we identified a PRE at any given time around the whisker stimulation when the number of spikes *per* neuron in a 10 ms window centered at that time was larger than a certain threshold (*Th*). The threshold *Th* was an arbitrary parameter, which we kept the same for each analyzed population across all conditions of whisker and laser stimulation. The values of *Th* chosen for the populations of cells displayed in [Figures 2](#fig2){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}C--S4J were set at 0.1 spikes *per* neuron and 0.04 spikes *per* neuron respectively, as these parameters empirically produced higher occurrences of PREs straight after whisker stimulation and lower percentages of PREs before whisker stimulation. However, we verified that changes in the stimulus time estimation errors across different laser conditions were very similar across variations of the *Th* parameter. The quantification of the accuracy of the whisker stimulation time estimation in each trial (absolute error) was obtained from the PREs by measuring their time (PRE time) in each trial in a time window from −40 ms to +100 ms with respect to the whisker-stimulation onset and then subtracting from each PRE time the value of the mode of the PRE distribution for each condition and by taking the absolute value ('absolute error' in [Figures 2](#fig2){ref-type="fig"}G, 2H, [S4](#mmc1){ref-type="supplementary-material"}F, and S4J). This was because the value of this mode was taken as the typical latency between whisker stimulation and PRE response.

Our calculations of PRE reported in [Figures 2](#fig2){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}C--S4J do not take into account the effects of noise correlations, because they are based on a pseudo-simultaneous population responses constructed by collecting together responses of non-simultaneously recorded neurons. Noise correlations in barrel cortex are mainly positive \[[@bib70]\], and positive noise correlations tend to amplify the variability of the time course of the population activity \[[@bib71]\]. By ignoring such correlations our method may eliminate any strong and narrow spontaneous activity peaks in the pooled population -- in effect, pseudo-population responses may reduce "false positives" in PRE compared to real populations that contain correlated noise. To test for this, we used the procedure of \[[@bib72]\] to generate correlated spike trains that matched exactly the true population trial-averaged post-whisker-stimulation time-dependent firing rate of the neurons analyzed here (sampled with 10 ms time resolution) under both the control, the blue light and the yellow light condition, and on top of that could have arbitrary values of noise correlations. We then varied the noise correlations of the simulated data between a value of 0 (corresponding to the pseudo-simultaneous responses that would be obtained by pooling data from neurons recorded non-simultaneously) and a value 40 times larger than those of real noise correlation of nearby whisker-response neurons, as measured from a previously published dataset of 52 neuronal pairs simultaneously recorded with a small array of extracellular electrodes in the D2 barrel related column from urethane anaesthetized rats in response to whisker deflection \[[@bib70]\]. We found (results not shown) that the distribution of PRE times simulated with realistic noise correlations was shorter (One-way repeated-measures ANOVA, p \< 1E-3) with blue light stimulation than with respect to control, and longer (Paired t test, p \< 1E-3) with yellow light stimulation than with respect to control, in excellent agreement with the real-data pseudo-population results ([Figures 2](#fig2){ref-type="fig"}G and 2H). Furthermore, these differences were still significant (Friedman test, p \< 1E-3 for blue light stimulation; Paired t test, p \< 1E-13for yellow light stimulation) when increasing the noise correlations up to 40 times the ones previously reported by Petersen and colleagues \[[@bib70]\]. As explained in \[[@bib71]\] the effect of increasing noise correlations on such temporally varying firing rates is to create more frequent and stronger spontaneous random population activity peaks due to noise amplification by correlations. Layer V activation canceled out effectively these PRE events due to noise amplification for all tested levels of noise correlations, thereby making whisker deflection estimation more robust even in the presence of correlated neuron-to-neuron variations. Our interpretation of these results is that the increase of accuracy in coding whisker deflection time brought about by the firing of layer V pyramidal neurons would be maintained in the presence of noise correlations among whisker-responsive cells. Experiments in which the multiunit activity was recorded simultaneously using 16 channels silicon linear probes confirmed this interpretation ([Figures S4](#mmc1){ref-type="supplementary-material"}K--S4R).

#### Whisker imaging and tracking {#sec4.5.2.3}

For data shown in [Figure 3](#fig3){ref-type="fig"}, a high-speed rate camera (Basler acA800, Ahrensburg, DE) was used and whiskers were imaged from below through an objective lens (f = 8 mm) and a mirror angled at 45 degrees placed below the running wheel. Whiskers were lit from above using custom diffused infrared LEDs. High-speed videos were acquired at 1 kHz with a 200-μs exposure time and were synchronized with electrophysiology data via external triggers. Whiskers touches onto the pole in both protraction and retraction phase were manually tracked from the videos and time points of each individual whisker contact with the pole were identified using a custom MATLAB script. Touch duration and inter-touch intervals were extrapolated. Whisker contacts with the pole were considered touches if the whisker touched the border of the stimulus bar for at least 8 frames. Whisker tracking was also performed offline using Whisk (<https://www.janelia.org/open-science/whisk-whisker-tracking>; \[[@bib55]\]), which returned whisker position for every frame. Data from this analysis were processed using custom MATLAB codes to obtain whisker amplitude (half-width of envelope) and set-point (median angle of envelope) in all the frames recorded (independently on the presence of whisker touches).

To compare touches kinematics under control conditions and during optogenetic inhibition of layer V neurons, we computed the duration of touches and the inter-touch intervals (start-to-start). For each cell which responded with an increase in AP firing rate upon pole touch (touch-responsive neurons, see next section) the median of touch duration and inter-touch interval across touches was calculated and these values were averaged across cells. The mean values indicated that yellow light stimulation did not affect touch kinematics (touch duration: 28 ± 2 ms versus 27 ± 2 ms under control conditions and during optogenetic inhibition of layer V, Paired t test p = 0.62; inter-touch interval: 71 ± 3 ms versus 69 ± 2 under control conditions and during optogenetic inhibition of layer V, Paired t test p = 0.43, n = 12 cells from 8 animals). For each neuron the median of whisker amplitudes and whisker set-points, relative to the rostro-caudal axis, across frames was calculated and then averaged across cells (whisker amplitude: 10 ± 3 deg versus 13 ± 3 ms deg under control conditions and during optogenetic inhibition of layer V, Paired t test p = 0.01; whisker set-point: 109 ± 6 deg versus 112 ± 6 deg under control conditions and during optogenetic inhibition of layer V, Paired t test p = 0.006, n = 12 cells from 8 animals).

#### Juxtasomal recordings in awake mice {#sec4.5.2.4}

Spikes identification and classification of opsin-positive and opsin-negative cells were performed as for recordings in anesthetized animals. We observed 16 halorhodopsin-positive neurons out of 64 juxtasomally recorded cells (25%). Out of the 48 opsin-negative cells that were recorded, only 23 cells had \> 53 pole touches in both the tactile stimulation protocol and the tactile stimulation combined with optogenetic stimulation. These 23 cells were included in the analysis described below. We generated peri-touch raster plots and time histograms considering the touches and spikes in a time window of 500 ms under control conditions and during optogenetic inhibition of layer V. This time window was placed between 1 s and 1.5 s from the pole presentation for the optogenetic inhibition of layer V and between 0.5 s and 1 s for the control condition. The time windows \[0 s - 0.5 s\] and \[1.5 s - 2 s\] were not considered in the analysis to avoid electric artifacts due to the ascending and descending pole movement and to discard possible rebound effect in the spike activity after yellow light illumination. The times corresponding to whisker touches onto the pole were manually identified from whisker videos as described in [Whisker Imaging and Tracking](#sec4.5.2.3){ref-type="sec"}. To study the touch-evoked activity, we aligned the neuron spike times with respect to the touches onset (0 ms) and we plotted the corresponding raster plot in a peri-touch time window ranging from −20 to 40 ms from touch time. This time window was chosen such that: *i)* it was long enough to include the whole touch duration (mean touch duration across cells: 27.1 ± 1.2 ms under control conditions and 28.1 ± 1.5 ms during optogenetic inhibition of layer V, n = 23 cells from 12 animals); *ii)* it did not exceed the value of the mean inter-touch interval (mean inter-touch interval across cells: 70.2 ± 1.8 ms under control conditions and 70.9 ± 1.9 ms during optogenetic inhibition of layer V, n = 23 neurons from 12 animals). Successive touches containing overlapping spikes in this peri-touch windows as well as touches with peri-touch window at the border between the control condition and the optogenetic inhibition of layer V were removed from analysis.

To classify cells as 'touch-responsive' we used the same method described to define 'whisker-responsive' cells in recordings from anesthetized mice with the exception that: *i)* the time windows \[-20 ms -- 0 ms\] and \[0 ms - 40 ms\] were used as pre-touch (Pre) and post-touch (Post) condition, respectively; *ii)* the size of the sliding time windows ranged from 5 ms to 20 ms (increasing size by steps of 1 ms). Twelve out of 23 recorded neurons were classified as 'touch-responsive cells' and used for the analysis displayed in [Figure 3](#fig3){ref-type="fig"}. Peri-touch time histograms in [Figures 3](#fig3){ref-type="fig"}C and 3C~1~ were obtained by binning each cellular response (bin size:1 ms), convolving it with a Gaussian Kernel of standard deviation equal to 2 ms, and averaging across all touches and then across cells. Error bars indicate the standard error of the mean across neurons. For [Figure 3](#fig3){ref-type="fig"}D, mean values of spikes rates were computed averaging individual spikes across touches and then across neurons during the Pre and the Post time windows. The PRE analysis shown in [Figures 3](#fig3){ref-type="fig"}E and 3F was performed similarly to that performed on recordings in anesthetized mice. To create the single touch pseudo-simultaneous population response event, for each touch the spikes of the 12 touch-responsive neurons were pooled in the time window from ranging from −20 to +40 ms (bin size: 4 ms). This was done by randomly choosing for each cell a common minimum number of touches (53 touches without replacement) under both control conditions and during optogenetic inhibition of layer V and the *Th* to define a PRE was set to 0.1 spikes *per* neuron. Since the number of touches was different across cells, we performed 100 random repetitions of the previous operation and we calculated the 'Absolute error' under control conditions and during optogenetic inhibition of layer V neurons. These values were statistically compared for each repetition (Mann-Whitney test). Then, we used a Binomial test (p = 0.05) to evaluate over 100 repetitions if a significant increase or decrease in the absolute error during layer V optogenetic inhibition could be observed \[[@bib73]\]. A significant p value was obtained only in the first case. We also controlled for false discovery rate (FDR) using two different procedures \[[@bib74], [@bib75]\] and the results were similar to the binomial test described above.

#### Linear probe recordings in anesthetized mice {#sec4.5.2.5}

Multi-unit activity was analyzed using Wave_Clus software \[[@bib56]\]. Signals were filtered (800-8000Hz) and spikes events were detected with a threshold criterion set at 4 SD of the high-frequency signal. To reject spurious events, we used an unsupervised clustering algorithm based on superparamagnetic clustering on the feature extraction of the coefficients provided by the decomposition of the detected spikes by means of wavelet basis function \[[@bib56]\]. Visual inspection was performed on the rejected spikes to confirm the reliability of the artifact rejection procedure.

The laminar electrodes location was determined with iCSD analysis of the local field potential (LFP) following the procedure described in \[[@bib76]\]. CSDs were calculated from the trial-averaged LFP (frequency range 0.1--250 Hz; see \[[@bib77]\] for details of the filtering procedure) measured at each electrode. The appearance of an early sink (8-10 ms after the onset of the whisker stimulation) was used to identify layer IV. This was followed by a propagation of sink activity in layer II/III and a source/sink in layer Va and Vb, respectively \[[@bib10], [@bib78]\]. The laminar electrodes location was finally assigned using layers boundaries as in \[[@bib63]\].

The PRE analysis on laminar multiunit signals recorded with silicon probes was performed as described for juxtasomal recordings in anesthetized mice. In each animal, single-trial pseudo-simultaneous PRE were computed pooling together all the spikes from different channels in a time window ranging from −40 to +100 ms with respect to the onset of the whisker deflection (bin: 10 ms; *Th* \> 0.05 spikes *per* channel). The accuracy of stimulus time estimation ('Absolute error') was calculated as previously described for anesthetized mice. To study possible different contribution originated from individual cortical layers, we performed the analysis by considering recordings from electrodes positioned in granular and infragranular layers.

### Analysis of *in vitro* experiments {#sec4.5.3}

Cells were classified as opsin-positive or opsin-negative according to the latency of their response to laser stimulation (\< 1 ms for ChR2-positive cells). Cells with average resting potential more depolarized than −55 mV were excluded from the analysis. In all the experiments cell input resistance (R~in~) was calculated from hyperpolarizing current injections. AP threshold, amplitude, duration, and after-hyperpolarization (AHP) were calculated at rheobase, where rheobase was defined as the lowest current pulse value needed to elicit an AP. Frequency adaptation was calculated as the ratio between the first (ISI~1~) and last interspike (ISI~n~) interval during a 400 ms current injection at 2 x rheobase ([Table S5](#mmc1){ref-type="supplementary-material"}). For experiments in [Figures 1](#fig1){ref-type="fig"}G--1J, functionality of the opsin was confirmed by recording from Halo-positive neurons in cortical slices. Yellow light illumination (stimulus duration, 500 ms) suppressed the firing activity of Halo-positive neurons in cortical slices (firing rate: pre, 9.4 ± 1.7 Hz; stim, 0.0 ± 0.0 Hz; post, 9.7 ± 1.1 Hz, n = 6 cells, Friedman test, p = 1E-4). For experiments in [Figure 6](#fig6){ref-type="fig"}, interneurons were distinguished from regular spiking pyramidal cells on the basis of their electrophysiological properties (lower AP half-width and higher, usually non regular, firing frequency, [Table S5](#mmc1){ref-type="supplementary-material"}) \[[@bib39]\]. In some experiments, this was further confirmed based on post hoc anatomical reconstruction. Interneurons were divided in fast spiking (FS) and non-fast spiking (NFS) cells on the basis of their R~in~, rheobase, AP half-width and AHP ([Table S5](#mmc1){ref-type="supplementary-material"}) \[[@bib79]\]. Higher non-adapting firing frequency and the absence of sag were considered typical of FS interneurons \[[@bib39]\]. Blue light-evoked membrane depolarizations were analyzed averaging different trials and measuring the 'positive peak amplitude', the 'negative peak amplitude', and the 'area' underneath the membrane potential response over a period of 500 ms from the light onset ([Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}C--6C~2~). In voltage-clamp experiments reported in [Figures 6](#fig6){ref-type="fig"}D--6F, trials were averaged and the excitatory and inhibitory charges were quantified integrating the inward and outward currents from the onset of light pulse and the time point where the currents returned to zero. Experiments in [Figures 7](#fig7){ref-type="fig"}H--7K and [S6](#mmc1){ref-type="supplementary-material"}H--S6K were performed on either ChR2-negative or ChR2-positive neurons. IPSCs measured at +10 mV in ChR2-positive neurons were completely abolished by the application of gabazine, confirming the pure GABAergic nature of these currents. In experiments displayed in [Figures 7](#fig7){ref-type="fig"}K and [S6](#mmc1){ref-type="supplementary-material"}K, the charge transferred was calculated in a time window of 255 ms starting from the onset of the blue laser. In [Figures S5](#mmc1){ref-type="supplementary-material"}E and S5J the effect of opsin-induced inhibition was quantified calculating the firing frequency before, during, and after yellow light illumination. In each cell, this was done at the value of depolarizing current injection that, in the absence of optogenetic manipulation, induced continuous AP discharge over the entire duration of the current injection. In [Figures 7](#fig7){ref-type="fig"}F, 7G, [S6](#mmc1){ref-type="supplementary-material"}F, and S6G, the peak amplitude of the yellow and the blue light-evoked responses were measured at the peak with reference to the membrane potential values (in a 5 ms time window) immediately before the stimulus.

### Analysis of behavioral experiments {#sec4.5.4}

The overall performance of the animal was calculated as the percentage of correct trials (Hit + CR) over the total number of trials *per* session under the different experimental conditions. Only sessions in which the performance was ≥ 75% in the absence of light stimulation (Light OFF) were considered for the evaluation of the optogenetics effects (n = 15 sessions from 5 animals). Performance average was done across sessions and error bars indicated the standard error of the mean. In each Hit and FA trial, the RT was considered as the time of occurrence of the first lick within the texture presentation window. RTs in FA trials tended to become longer when the yellow light was delivered onto the cranial window compared to when the light was off although the effect did not reach statistical significance (mean RT: 788 ± 84 ms versus 643 ± 71 ms in Light WIN and Light OFF conditions, respectively; one-tailed Paired t test, p = 0.09 Holm-Bonferroni corrected, n = 12 sessions from 5 animals). Statistical comparisons were done performing one-tailed t test and the obtained p values were corrected with the Holm-Bonferroni post hoc correction for multiple comparisons. For the analysis of RT times in Hit trials ([Figure 4](#fig4){ref-type="fig"}C), we tested if covariations across data points (sessions were performed on different animals with each animal having a different mean RT) could affect statistical comparisons. We normalized the RT of each session from a given mouse to the mean RT obtained for that animal in the Light OFF condition. This procedure regressed away the effect of covariations across sessions by differences in the mean RT of individual mice. After this normalization, we obtained p values (one-tailed Paired t test with Holm-Bonferroni correction for multiple comparison: p = 0.006 for Light OFF versus Light WIN; p = 0.048 for Light EXT versus Light WIN; p = 0.178 for Light OFF versus Light EXT) similar to those of not normalized data shown in [Figure 4](#fig4){ref-type="fig"}C.

Data and Code Availability {#sec4.6}
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